Introduction
============

Biofilms are spatially structured heteromorphic microbial communities ensconced in exopolymeric matrix material.[@b1-ijn-7-3245],[@b2-ijn-7-3245] It has been shown that a substantial amount of microbial infections occur through biofilm formation.[@b3-ijn-7-3245] *Candida albicans* is a frequently isolated fungal species from infections and recurrently associated with biofilm formation. [@b4-ijn-7-3245] It is generally found as a harmless ubiquitous commensal species in normal microbiota of humans, such as in the gastrointestinal and genitourinary tracts.[@b5-ijn-7-3245] However, under conditions of immune dysfunction, colonizing *C. albicans* possess the capacity to opportunistically cause life-threatening infections in immunocompromised patients.[@b6-ijn-7-3245],[@b7-ijn-7-3245] Since last century, *Candida* biofilm has played an indispensable role in health care-related infections. *C. albicans* is currently regarded as the fourth- and third-leading cause of hospital-acquired bloodstream and urinary tract infections, respectively.[@b8-ijn-7-3245] In the US, candidemia has become recalcitrant and the fourth-leading hospital-acquired infection.[@b9-ijn-7-3245]

*Candida* biofilm is one of the main causes of clinical repercussions through encounters with such implanted biomaterials as intravascular catheters, pacemakers, prostheses, stents, shunts, urinary catheters, and orthopedic implants. Hence, these implants serve as colonies as well as inseminating reservoirs of further *Candida* infections.[@b8-ijn-7-3245]

Biofilm is highly resistant against drug molecules as compared to planktonic cells.[@b10-ijn-7-3245] Despite a growing antifungal armamentarium, recalcitrant *Candida* biofilm presents multiple complex factors against antimicrobial agents, and these multifactorial phenomena need to be further unraveled. Among the most important factors are biofilm matrix or exopolmeric substance (EPS), high density of cells in biofilm, presence of presister cells, and drug-efflux pumps.[@b11-ijn-7-3245]--[@b15-ijn-7-3245]

Ambient matrix or EPS produced by sessile cells of biofilm recently gained the spotlight and imparting the impregnation of drug molecules and putative charge barrier.[@b16-ijn-7-3245],[@b17-ijn-7-3245] Recently, photodynamic therapy (PDT) emerged as an alternative to conventional treatment of infections caused by *C. albicans*.[@b18-ijn-7-3245],[@b19-ijn-7-3245] In PDT, photosensitizing drugs render the type I and type II phototoxicity in the presence of specific wavelengths of light.[@b20-ijn-7-3245] Irradiation of photosensitizers with appropriate wavelengths of light in the presence of molecular oxygen produces highly cytotoxic reactive oxygen species such as hydroxyl free radicals (type I phototoxicity) and singlet oxygen (type II phototoxicity).[@b21-ijn-7-3245] Photosensitizer thiazine dyes such as methylene blue (MB), toluidine blue O (TBO), and pthalocyanine have been shown to be phototoxic against *Pseudomonas aeruginosa* and *Porphyromonas gingivalis* biofilm.[@b22-ijn-7-3245]--[@b24-ijn-7-3245] Recently, it has also been reported that MB also has fungicidal effects against *C. albicans*.[@b18-ijn-7-3245],[@b19-ijn-7-3245]

Colloidal gold nanoparticles (GNPs) have resilient properties compared to other inorganic nanoparticles, such as unique plasmon-resonance optical properties and a bioconjugation surface for molecular probes. These unique properties have drawn attention with a view to developing a totally different method in the field of nanomedicine.[@b25-ijn-7-3245] GNP has been used as a carrier of antitumor drugs, antibodies, antibiotics, and other drugs for selective killing of diseased cells and microbes.[@b26-ijn-7-3245]--[@b28-ijn-7-3245] GNP per se did not have any antimicrobial activity, but when coupled with antibiotics showed significant antimicrobial effect.[@b28-ijn-7-3245],[@b29-ijn-7-3245]

Cationic thiazine dyes such as TBO and MB showed strong interaction with GNP by increased ultraviolet (UV)- visible absorption.[@b30-ijn-7-3245] It has been reported that TBO shows enhanced antibacterial properties when coupled with GNP as compared to TBO alone.[@b31-ijn-7-3245] Hence we initiated this study to explore novel *Candida* antibiofilm activity by amalgamating the photocytotoxic properties of MB and antimicrobial enhancer properties of GNP.

Materials and methods
=====================

Synthesis of gold nanoparticles
-------------------------------

GNPs were synthesized in colloidal form by a modified Turkevich--Frens method.[@b32-ijn-7-3245],[@b33-ijn-7-3245] First, 1 mM HAuCl~4~ ( Sigma-Aldrich, St Louis, MO) was mixed with 20 mL distilled water and kept on a hot plate in stirring condition at about 80°C, then 1% of trisodium citrate dehydrate (Na~3~C~6~O~7~ · 2H~2~O; Sigma-Aldrich) reducing agent was added to the solution in stirring condition. Gradually, the color of the solution changed from transparent to red, and after 10 minutes it changed to a deep-red wine color, indicating colloidal GNP formation.

Spectroscopic characterization of synthesized gold nanoparticles
----------------------------------------------------------------

UV-visible spectra of GNP were taken using a double-beam UV-visible spectrophotometer (PerkinElmer, Boston, MA) with wavelength ranging from 400 to 700 nm in Milli-Q solvent. The X-ray powder diffraction (XRD) pattern was recorded using a Rigaku (Tokyo, Japan) Miniflex X-ray diffractometer with Cu *K*~α~ radiation (*λ* = 1.54060 Å) in 2*θ* ranging from 30° to 80°. GNP hydrodynamic particle size distribution analysis was done by a particle size analyzer (Nanophox; Sympatec, Clausthal-Zellerfeld, Germany) based on photon cross-correlation spectroscopy.

Growth conditions of organism
-----------------------------

*C. albicans* (ATCC 90028) was grown in yeast peptone dextrose medium 1% yeast extract, 2% peptone, 2% dextrose (HiMedia, Mumbai, India). Batches of medium (20 mL in 250-mL Erlenmeyer flasks) were inoculated with freshly grown *C. albicans* in yeast peptone dextrose agar plates and incubated overnight in an orbital shaker (200 rpm) at 30°C under aerobic conditions. Cells were harvested and washed twice in sterile phosphate buffer saline (PBS) (pH 7.4). Cells were resuspended in Roswell Park Memorial Institute (RPMI) 1640 supplemented with L-glutamine and buffered with morpholinepropanesulfonic acid (HiMedia) and adjusted to the desired density after measurement with a hematocytometer.

Determination of minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
--------------------------------------------------------------------------------------------------

The photosensitizer, MB, was purchased from Sigma-Aldrich, and stock solution (1.0 mg/mL) was made in PBS (10 mM phosphate buffer, 2.7 mM potassium chloride, 137 mM sodium chloride; pH 7.4). A twofold serial dilution of the MB (initial concentration 1.0 mg/mL) was performed. For the GNP--MB conjugate, after twofold serial dilution of MB, a constant concentration of GNP (0.2 mg/mL) was added to each diluted solution. Each inoculum was prepared in normal saline, and density was adjusted to a 0.5 McFarland standard and diluted to 1:100 for the broth microdilution procedure. After treatment with irradiation at 12 hours, microtiter plates continue to incubate at 37°C and MIC was recorded after 24 hours. MFC was determined by subculturing the test dilutions on to a fresh solid medium and incubating for a further 24 hours. The highest dilution that yielded no fungal growth on solid medium was taken as MFC.

Spectroscopic measurements of GNP--MB conjugate
-----------------------------------------------

A double-beam UV-visible spectrophotometer (PerkinElmer) was used to characterize the synthesized GNP and measure the mode of interaction of GNP with MB photosensitizer. Scanning was in the 400--700-nm wavelength range. Fluorescence spectra were recorded on a Hitachi (Tokyo, Japan) F-4500X fluorescence spectrometer controlled by a personal computer data-processing unit. The excitation was done at 600 nm and the emission spectra from 500 nm to 800 nm were collected. All excitation and emission slits were set at 1.5 nm.

FTIR measurement of the MB and GNP--MB conjugate was carried out with a Nicolet Magna 750 FT-IR spectrophotometer (DTGS detector, Ni-chrome source and KBr beam splitter; Thermo Fisher Scientific, Waltham, MA) with a total of 100 scans and resolution of 16 cm^−1^ at a range of 400--4000 cm^−1^, using silver bromide windows at room temperature.

Photosensitization of MB and GNP--MB conjugate
----------------------------------------------

MB and GNP--MB conjugate were activated or photosensitized during treatment against *Candida* biofilm and *C. albicans* cells. Semiconductor AlGaInP diode laser (ML101J27; Mitsubishi, Tokyo, Japan) with 660-nm wavelength light source and output power of 120 mW was used for photosensitization. A laser illuminated area of 0.12 cm^2^ with energy density of 38.2 J/cm^2^ was used for 40 seconds for both MB and conjugate activation. In all *Candida* antibiofilm and antimicrobial assays, MB and GNP--MB conjugate were treated and activated at 6 and 18 hours during 12- and 24-hour incubation periods, respectively.

*Candida* biofilm formation
---------------------------

Biofilms were produced on commercially available presterilized, polystyrene, flat-bottom 96-well microtiter plates. At first, 100 μL of a standardized C. *albicans* cell suspension (10^7^ cells/mL in RPMI 1640) was transferred into each well of a microtiter plate, and the plate was incubated for 1.5 hours at 37°C in a shaker at 75 rpm to allow for adherence to the surface of the wells. Three wells of each microtiter plate were used as control in an identical fashion, except that no *Candida* suspensions were added. Following the adhesion phase, the cell suspensions were aspirated and each well was washed twice with 150 μL of PBS to remove loosely adherent cells. A total of 100 μL of RPMI 1640 was then transferred into each of the washed wells with a pipette, and the plates were incubated at 37°C in a shaker at 75 rpm. The biofilm was allowed to develop for 24 hours and used in different assays. All assays were carried out on three different occasions in triplicate.

Crystal violet--staining assay
------------------------------

Control, GNP, MB and GNP--MB conjugate--treated *Candida* biofilm were assessed by microdilution method and quantified by crystal violet (HiMedia) assay, as described earlier.[@b34-ijn-7-3245],[@b35-ijn-7-3245] Treated and control biofilm-coated wells of microtiter plates were washed twice with 200 μL of PBS and then air-dried for 45 minutes. Then, each of the washed wells was stained with 110 μL of 0.4% aqueous crystal violet solution for 45 minutes. Afterwards, each well was washed four times with 350 μL of sterile distilled water and immediately destained with 200 μL of 95% ethanol. After 45 minutes of destaining, 100 μL of destaining solution was transferred to a new well and the amount of the crystal violet stain in the destaining solution measured with a microtiter plate reader (iMark; Bio- Rad, Hercules, California) at 595 nm. The absorbance for the controls was subtracted from the test values to minimize background interference.

XTT biofilm reduction assay
---------------------------

This assay was performed as described previously.[@b36-ijn-7-3245] 2,3- Bis (2-methoxy-4-nitro-5-sulfophenyl)-5-(\[phenylamino\] carbonyl)-2H-tetrazolium hydroxide (XTT) (Sigma-Aldrich) was dissolved in PBS at a final concentration of 1 mg/L. The solution was filter sterilized using a 0.22-mm pore-size filter and stored at −70°C until required. Menadione (Sigma-Aldrich) solution (0.4 mM) was also prepared and filtered immediately before each assay. Prior to each assay, XTT solution was thawed and mixed with menadione solution at a volume ratio of 20:1. The adherent cells in treated and control *Candida* biofilm, as previously described in crystal violet assay, were washed four times with 200 μL of PBS to remove loosely adherent or planktonic cells. Afterwards, 158 μL of PBS, 40 μL of XTT, and 2 μL of menadione inoculated each of the prewashed wells. After incubation in the dark for 4 hours at 37°C, 100 μL of the solution was transferred to a new well and a colorimetric change in the solution measured using a microtiter plate reader (iMark) at 490 nm.

Electron microscopy of GNP, GNP--MB conjugate, *Candida* biofilm and *Candida* cells
------------------------------------------------------------------------------------

Transmission electron microscopy (TEM) was used to determine the actual size, shape, and pattern of arrangement of synthesized GNP and GNP--MB conjugate. TEM was also used to measure the thickness of the MB layer around GNP. Colloidal GNP and GNP--MB conjugate droplets were placed on a copper grid and dried in desiccators before viewing under a field-emission electron microscope (JEM-2100F; Jeol, Tokyo, Japan) at 120 kV.

For *Candida* cells, TEM is the standard method used, as described elsewhere.[@b37-ijn-7-3245] Control and treated culture material was removed by centrifugation at 1000 rpm for 10 minutes and the suspended pellet again centrifuged with PBS (pH 7.4). Secondary fixation was done in 1% osmium tetroxide for 2--3 hours at 4°C and washed with PBS (pH 7.4). Samples were then completely dehydrated by serially washing with ethanol and embedded in araldite CY 212 (Taab, Aldermaston, UK) resin for making the cell-pellet blocks. Ultrathin sections of cells were stained with uranyl acetate and lead citrate and observed under the JEM-2100F microscope at 120 kV.

The effects of GNP--MB conjugate on the morphogenesis of *C. albicans* cells in *Candida* biofilm were observed by scanning electron microscopy (SEM), examination as described elsewhere.[@b38-ijn-7-3245] For SEM, *C. albicans* cells were inoculated on sterile glass cover-slip disks in 12-well cell culture plates (CoStar, Bethesda, MD) for 12 and 24 hours at 37°C by dispensing a standardized cell suspension (2 mL of a suspension containing 10^6^ cells/mL in RPMI 1640) onto appropriate spherical glass disks. Meanwhile, during inoculation, *Candida* cells were pretreated at 6 and 18 hours with activated GNP--MB conjugate. The disks were removed after 12 and 24 hours and washed three times in sterile PBS. The resultant samples were fixed with 2% formaldehyde and 2.5% glutaraldehyde in PBS (pH 7.4) overnight, rinsed three times with PBS, and dehydrated in absolute ethanol series (70% for 10 minutes, 95% for 10 minutes, and 100% for 20 minutes). Samples were dried in desiccators prior to sputter coating with gold and observed by SEM (EVO 40; Zeiss, Jena, Germany) at 20 kV.

Confocal laser scanning microscopy (CLSM)
-----------------------------------------

CLSM of *Candida* biofilm cells was performed as described elsewhere with slight modification.[@b39-ijn-7-3245] CLSM was used to illustrate the effect of GNP and photosensitized or activated GNP--MB conjugate on *Candida* cells during *Candida* biofilm formation. Biofilm-forming *Candida* cells were grown on glass cover slips by adding 4 mL of standardized *C. albicans* strain ATCC 90028 in 12-well cell culture plates (CoStar). After 12 hours, GNP, GNP--MB-treated and control *Candida* cells on the glass cover slips were removed, transferred to new six-well culture plates, and incubated for 45 minutes at 37°C in 4 mL of PBS containing the following fluorescent dyes as molecular probes: concanavalin A (\[Con A\] Alexa Fluor 488 conjugated, 25 μg/mL; Invitrogen, Carlsbad, CA), FUN-1 (Fungolight 10 μM; Invitrogen) and 4,6-diamidino-2-phenylindole (DAPI, 2.5 μg/mL, Sigma-Aldrich). The excitation and emission wavelengths for FUN-1 are 543 nm and 560 nm, respectively, whereas the excitation and emission wavelengths for Con A are 488 nm and 505 nm, respectively. DAPI has an excitation wavelength of 358 nm and an emission wavelength of 461 nm of light. After incubation with the dyes, the disks were flipped on glass plates and the stained *Candida* biofilms were observed with a FluoView FV1000 (Olympus, Tokyo, Japan) confocal laser scanning microscope equipped with argon and HeNe lasers.

Statistical analysis
--------------------

The effect of MB and GNP--MB conjugate on *Candida* biofilm formation was compared with control biofilms (without any supplement) and analyzed using Student's *t*-test. Data with *P-*values \<0.05 were considered statistically significant.

Results
=======

Characterization of GNP
-----------------------

GNPs showed a strong absorption band in the visible range due to surface plasmon resonance. Surface plasmon resonance is caused by the motion of free electrons in the conduction band caused by interaction with an electromagnetic field.[@b40-ijn-7-3245] When the frequency of the light wave became resonant with the electron motion, strong absorption was observed, which is the origin of colloidal colour.[@b41-ijn-7-3245],[@b42-ijn-7-3245] In the UV-visible spectrum of GNP, nanoparticles absorb light at around 534 nm, which is a visible range of red color ([Figure 1](#f1-ijn-7-3245){ref-type="fig"}).[@b43-ijn-7-3245] [Figure 2](#f2-ijn-7-3245){ref-type="fig"} shows a typical powder XRD pattern of GNPs and confirmed the XRD peaks 111, 200, 220, and 311, which are in good agreement with previously reported data.[@b44-ijn-7-3245],[@b45-ijn-7-3245] GNP size (21 ± 2.5 nm) and hydrodynamic mean diameter (22.4 nm) were analyzed and measured by TEM and cross-correlation spectroscopy instruments, respectively ([Figure 3C and D](#f3-ijn-7-3245){ref-type="fig"}, respectively). It was observed that particles were ellipsoidal and quite stable as their sizes and shape remained constant after synthesis.

Minimum fungicidal and inhibitory effect of MB and GNP--MB conjugate
--------------------------------------------------------------------

GNP showed no minimum inhibitory effect on *Candida* cells after serial dilution (initial concentration 0.2 mg/mL) on microtiter plate. MB showed MIC and MFC of 62.5 μg/mL and 125.0 μg/mL, respectively, whereas GNP--MB conjugate showed MIC and MFC of 31.2 μg/mL and 62.5 μg/mL, respectively. GNP--MB conjugate showed twofold higher activities against *C. albicans* than MB alone.

Physicochemical interaction of MB with GNP
------------------------------------------

The maximum absorption spectrum of GNP measured by UV-visible spectroscopy was at 534 nm due to surface resonance around the GNP. MB showed a primary maximum absorption peak at 662 nm and secondary absorption peak at 613 nm. After gradual addition of MB concentration up to 20 μg/mL in the presence of a constant concentration of GNP (0.2 mg/mL), there was a remarkable decrease in the GNP absorption peak at 534 nm and new peaks formed at 613 nm and 662 nm ([Figure 1](#f1-ijn-7-3245){ref-type="fig"}). The UV-visible absorption result suggests that MB cationic dye either absorbed on GNP or GNP aggregated after addition of MB.

Further FTIR spectroscopy, photon cross-correlation spectroscopy (particle-size analysis), and TEM were conducted to determine the absorption of MB (20 μg/mL) on GNP and aggregation of GNPs. The FTIR spectra of GNP--MB conjugate as compared to MB shows a sharp peak near 1600 cm^−1^. A blunt peak of MB near 3250 cm^−1^ became much more intense near 3298 cm^−1^ in GNP--MB conjugate. Additional suppressed and broadened bands are observed near 2698 cm^−1^ for GNP--MB conjugate as compared to MB ([Figure 4](#f4-ijn-7-3245){ref-type="fig"}).

GNP mean diameter was measured by photon cross-correlation spectroscopy (particle-size analyzer) and was found to be 22.4 nm ([Figure 3D](#f3-ijn-7-3245){ref-type="fig"}), whereas after addition of MB (20 μg/mL), GNP size increased to 26.5 nm ([Figure 3E](#f3-ijn-7-3245){ref-type="fig"}). Further, GNP--MB size analyzed by TEM was observed to be 23 ± 2 nm ([Figure 3A and B](#f3-ijn-7-3245){ref-type="fig"}). Comparative studies of photon cross-correlation measurement ([Figure 3D and E](#f3-ijn-7-3245){ref-type="fig"}) showed that there was no aggregation of GNPs on addition of MB.

Fluorescence spectroscopy was used to determine the enhancement or quenching of MB after conjugation with GNP ([Figure 5](#f5-ijn-7-3245){ref-type="fig"}). Fluorescence spectra of MB (20 μg/mL) showed maximum fluorescence peak at 684 nm on excitation at 660 nm, as described elsewhere.[@b46-ijn-7-3245] GNP (0.2 mg/mL) has a maximum fluorescence peak of 665 nm on excitation at 660 nm. A remarkable quenching in fluorescence of MB was observed on addition of GNP (0.2 mg/mL) at 684 nm.

Quantitation of *Candida* biofilm formation
-------------------------------------------

The antibiofilm activities of MB and GNP--MB were observed by using crystal violet and XTT biofilm reduction assays. Crystal violet assay has been used widely to measure biofilm formation because of its amenability to large screening procedures.[@b47-ijn-7-3245] Crystal violet dye was used to measure percent inhibition on biofilm formation in the presence of different compounds because it affects diffusion as well as morphological and physiological differences in individual cells that influence dye binding.[@b48-ijn-7-3245] A crystal violet assay revealed a maximum percent inhibition of *Candida* biofilm formation after 24 hours' incubation, recorded as 63.2% and 82.2% by MB (20 μg/mL) and GNP--MB (20 μg/mL; MB) conjugate, respectively ([Figure 6](#f6-ijn-7-3245){ref-type="fig"}). We used another tetrazolium salt (XTT) reduction assay for quantitative measurement of *Candida* biofilm formation. This assay is the most commonly used test to estimate viable biofilm growth and examine the impact of biofilm therapies. XTT assay is a more sensitive technique for the study of antifungal activity. In XTT assay, maximum percent inhibition during 24-hour treatment was found to be 81.9% and 95.4% for MB (20 μg/mL) and GNP--MB (20 μg/mL; MB) conjugate, respectively ([Figure 7](#f7-ijn-7-3245){ref-type="fig"}). GNP-treated biofilms showed negligible reduction of biofilm as compared to control in both assays.

CSLM and electron microscopic exploration of MB--GNP effects on *Candida* cells and biofilm
-------------------------------------------------------------------------------------------

SEM is important to determine the overall morphology of *Candida* cells and biofilm in three dimensions. Control, GNP (0.2 mg/mL), and GNP--MB (20 μg/mL; MB) treated biofilms were grown for 12 hours and 24 hours ([Figure 8A--H](#f8-ijn-7-3245){ref-type="fig"}, respectively). There was no significant difference in GNP-treated ([Figure 8B and F](#f8-ijn-7-3245){ref-type="fig"}) and control biofilms ([Figure 8A and E](#f8-ijn-7-3245){ref-type="fig"}), shown as spherical yeast-type cells and elongated hyphae (black arrows in [Figure 8A, B, E and F](#f8-ijn-7-3245){ref-type="fig"}, respectively), whereas GNP--MB-treated biofilms showed a detrimental effect, wherein *Candida* cells and biofilms shrank, completely ruptured (shown by black arrows in [Figure 8C and G](#f8-ijn-7-3245){ref-type="fig"}), and aggregated as irregularly shaped material (shown by red arrows in [Figure 8D and H](#f8-ijn-7-3245){ref-type="fig"}).

TEM was performed to further substantiate the effect of GNP--MB (20 μg/mL; MB) conjugate in the 12-hour-grown *Candida* cells. In TEM, control cell ([Figure 8I](#f8-ijn-7-3245){ref-type="fig"}) showed intact cell wall integrity and cell organelles, whereas in the presence of GNP--MB, cell wall integrity was lost (shown by black arrows in [Figure 8J--L](#f8-ijn-7-3245){ref-type="fig"}), and GNP--MB was shown in the dark-black cells (shown by red arrow in panel 8L). CLSM ultimately supported the TEM and SEM micrographs by revealing cellular metabolic activity, viability, and cell wall integrity, using FUN-1, DAPI, and Con A fluorescent dyes, respectively.

FUN-1 is transformed from a yellow to an orange-red fluorescent cylindrical or rodlike intravacuolar structure by metabolically active or viable cells, and Con-A is transformed to green fluorescence by binding to glucose and mannose residues of cell wall polysaccharides.[@b49-ijn-7-3245],[@b50-ijn-7-3245] DAPI intercalates between base pairs of DNA, specifically AT-rich regions of minor grooves, and gives blue fluorescence, which represents the polar cellular nucleus.[@b51-ijn-7-3245] GNP (0.2 mg/mL)-treated *Candida* cells ([Figure 8N and R](#f8-ijn-7-3245){ref-type="fig"}) have similar cytological features as compared to control cells ([Figure 8M and Q](#f8-ijn-7-3245){ref-type="fig"}). Red arrows in [Figure 8Q and R](#f8-ijn-7-3245){ref-type="fig"}, show intact vacuole in orange-red fluorescent cylindrical intravacuolar structure by FUN-1 Fluor probe. In [Figure 8M, N, Q, and R](#f8-ijn-7-3245){ref-type="fig"}, cyan arrows show the thick intact cell wall in green by cell wall--specific Fluor probe Con A. Red arrows in [Figure 8M and N](#f8-ijn-7-3245){ref-type="fig"}, show the intact polar nucleus by blue DAPI fluorescent probe. After GNP--MB (20 μg/mL; MB) treatment, FUN-1 probe showed cytosolic diffused yellow and orange fluorescence, which confirmed vacuolar disintegration and fragmentation in metabolic nonviable cells (red arrows in [Figure 8S and T](#f8-ijn-7-3245){ref-type="fig"}) and loss of cell wall integrity by fading and thinning of Con-A green Fluor, represented by cyan arrows in [Figure 8O, P, S, and T](#f8-ijn-7-3245){ref-type="fig"}. Conjugate-treated cells showed nuclear fragmentation by sprinkled and scattered DAPI blue Fluor in cytosol (red arrows in [Figure 8O and P](#f8-ijn-7-3245){ref-type="fig"}).

Discussion
==========

*C. albicans* is one of the foremost causes of nosocomial infection, which adheres and forms a matrix-like structure around the surface of prosthetic devices and implants such as joint replacements, heart valves, and intravascular or urinary catheters.[@b8-ijn-7-3245] This matrix-like structure or biofilm shows a distinct phenotypic and chemical composition, which is not vulnerable to antimicrobial agents as compared to planktonic cells.[@b10-ijn-7-3245] It became imperative to remove these biofilm-attached implants and devices, otherwise they may disseminate candidiasis infection.[@b52-ijn-7-3245]

Besides the multifactorial phenomenon,[@b11-ijn-7-3245]--[@b15-ijn-7-3245] the unique properties of *Candida* biofilm matrix materials thwart antimicrobial activity against well-ensconced *Candida* cells as compared to planktonic cells. The chemical composition of ECM of *Candida* biofilm has not been not fully elucidated. Recently, it has been shown that a structure component of matrix and cell wall called β-1,3-glucans binds to antifungal drugs (fluconazole and amphotericin B) and minimizes antifungal activity against *Candida* cells.[@b16-ijn-7-3245] Another putative factor that may attribute resistance to biofilms is negatively charged chemical composition in EPS, restricting the penetration of positively charged drug molecules.[@b17-ijn-7-3245]

In the last two decades, nanobiotechnologists have gained more interest in inorganic nanoparticles, mostly metallic nanoparticles that are now used for bioconjugation and biological imaging in drug delivery and diagnostic applications.[@b53-ijn-7-3245],[@b54-ijn-7-3245] Metallic nanoparticles have a large surface area, and this helps the interaction of a broad gamut of drug molecules.[@b55-ijn-7-3245]

Nobel metallic nanoparticles such as colloidal GNPs are attracting significant interest as carriers of various payloads towards the target. These payloads are antitumor agents and other drugs.[@b26-ijn-7-3245],[@b56-ijn-7-3245] GNPs have some unique chemical and physical properties that make them efficient carriers and enhancers. GNP has remarkable surface plasmon resonance for imaging and fluorescence enhancing or quenching of attached drugs or dyes.[@b57-ijn-7-3245],[@b58-ijn-7-3245]

We performed the most efficient and straightforward synthesis of GNPs by using a modified Turkevich--Frens method,[@b32-ijn-7-3245],[@b33-ijn-7-3245] producing colloidal GNPs of around 20 nm. These synthesized GNPs were characterized by maximum-absorption spectra using UV-visible spectroscopy ([Figure 1](#f1-ijn-7-3245){ref-type="fig"}). XRD of synthesized GNP confirmed that the GNPs were in good agreement with previously reported data ([Figure 2](#f2-ijn-7-3245){ref-type="fig"}).[@b44-ijn-7-3245],[@b45-ijn-7-3245] Photon cross-correlation spectroscopy (particle-size analyser) ([Figure 3D](#f3-ijn-7-3245){ref-type="fig"}) and TEM findings ([Figure 3C](#f3-ijn-7-3245){ref-type="fig"}) bolstered GNP size (22.4 and 21 ± 2.5 nm, respectively). Here, we used appropriate and optimum size and concentration (21 ± 2.5 nm and 0.2 mg/mL) of GNP, which is compatible with mammalian cells, as described elsewhere.[@b59-ijn-7-3245],[@b60-ijn-7-3245] GNP (0.2 mg/mL) did not show any antibiofilm ([Figures 6](#f6-ijn-7-3245){ref-type="fig"} and [7](#f7-ijn-7-3245){ref-type="fig"}; crystal violet and XTT biofilm reduction assay) and fungicidal (MIC) activity against *Candida* biofilm and *Candida* cells. It was earlier described that GNPs do not affect bacterial growth, but when coupled with vancomycin they show antibacterial activity.[@b28-ijn-7-3245]

These charged stabilized nanoparticles have been attached or bioconjugated with a variety of photosensitizers and antibiotics.[@b61-ijn-7-3245],[@b30-ijn-7-3245] Earlier studies have been performed against pathogenic microbes by amalgamating the properties of both colloidal GNP and thiazine dyes such as MB and TBO as a GNP--thiazine conjugate. In one of the studies, GNP conjugated with TBO showed effective PDT against *Staphylococcus aureus* and enhanced the bactericidal effect up to 90%--99%.[@b31-ijn-7-3245] Recently, in another study, GNP-conjugated biodegradable and biocompatible poly(lactic-co-glycolic acid) PGLA with MB embedded showed effective antimicrobial PDT against *Enterococcus faecalis*-infected tooth root canal.[@b62-ijn-7-3245]

Many studies have demonstrated MB-mediated PDT against bacterial and fungal infections.[@b63-ijn-7-3245],[@b64-ijn-7-3245] It was described that MB (0.05 mg/mL) inhibits 80%--90% of *Candida* cells upon treatment of 683-nm diode laser light irradiation with a 28 J/cm^2^ energy dose.[@b18-ijn-7-3245] In another study, 0.05 mg/mL MB increased membrane permeability and reduced *Candida* growth with irradiation of 684-nm light diode laser with 28 J/cm^2^ energy dose.[@b65-ijn-7-3245] In our study, diode laser of 660-nm light with 38.2 J/cm^2^ energy dose in the presence of MB inhibited the *Candida* cells' growth (MIC; 62.5 μg/mL) and showed 125.0 μg/mL fungicidal activity. This result is comparable with previously described results, but there is some inconsistency in previously described PDT protocols because of varying factors that influence the results of PDT. These factors are media in which particular strains are grown, type of strain, time of exposure, concentration of photosensitizer, and energy dose of laser.[@b66-ijn-7-3245]

Most studies of GNP-conjugated photosensitizer have been performed on planktonic or suspended microbes, but these types of conjugate were never applied against microbial biofilm. This is the first study to characterize GNP--MB conjugation for examining antibiofilm activity against *Candida* biofilm. In the present study, we used a subconcentration of MB photosensitizer (20 μg/mL) and 660-nm diode laser with 38.2 J/cm^2^ energy against *Candida* biofilm, which has been reported as nonlethal against mammalian host cells.[@b67-ijn-7-3245]

The spectroscopic techniques and TEM were used to determine the type of interaction between MB and GNP. In UV-absorption spectroscopy, with incremental MB concentration the plasmon resonance peak of constant concentration of GNP (0.2 mg/mL) decreases and new absorption peaks appear. The absorption peak of GNP--MB (20 μg/mL; MB) was significantly higher as compared with MB (20 μg/mL) alone ([Figure 1](#f1-ijn-7-3245){ref-type="fig"}). This new absorption peak may be attributed to aggregation of GNPs or interaction between GNP and MB. Further, three types of studies were performed to elucidate the UV-absorption finding. In the first study, FTIR spectroscopy of GNP--MB (20 μg/mL; MB) shows the percent transmission peaks near 1600 cm^−1^ and 3200 cm^−1^, indicating the presence of aromatic rings and primary amine (N--H), respectively, as compared to FTIR peaks of MB (20 μg/mL).[@b68-ijn-7-3245],[@b69-ijn-7-3245] In addition, the absence of an S--H vibration band of MB (near 2698 cm^−1^) in GNP--MB conjugate indicates deprotonation and coordination with GNP ([Figure 4](#f4-ijn-7-3245){ref-type="fig"}).[@b70-ijn-7-3245] In a second study, hydrodynamic mean diameter of GNP and conjugate was measured by photon correlation spectroscopy where GNP--MB (20 μg/mL; MB) conjugate had a mean diameter of 26.5 nm as compared to colloidal GNP (22.4 nm). This minimal average size difference (\~4 nm) confirmed that there was no aggregation of GNP in the presence of maximum absorbance at 20-μg/mL concentration of MB ([Figure 3D and E](#f3-ijn-7-3245){ref-type="fig"}). In the third study, TEM images showed that synthesized colloidal GNPs are of an ellipsoid shape, with 21 ± 2.5-nm average size ([Figure 3C](#f3-ijn-7-3245){ref-type="fig"}), and in the presence of MB (20 μg/mL) a layer of 2 ± 0.5 nm was formed around GNP ([Figure 3A and B](#f3-ijn-7-3245){ref-type="fig"}). TEM image ([Figure 3B](#f3-ijn-7-3245){ref-type="fig"}) shows there is no aggregation of GNP--MB conjugate at MB (20 μg/mL) experimental concentration. These three studies evidently substantiate GNP--MB interaction. Furthermore, FTIR and absorption studies propound the aurophilic coordination bond to GNP through sulphur atoms of MB and electrostatic interaction between GNP and MB, respectively.

Preliminary in vitro antimicrobial studies of GNP, MB, and GNP--MB conjugate were carried out with MIC and MFC assay, wherein MIC and MFC of GNP--MB conjugate were found to be 31.2 μg/mL and 62.5 μg/mL, respectively, as compared to MIC and MFC of MB at 62.5 μg/mL and 125.0 μg/mL, respectively. GNP did not demonstrate any antifungal activity at initial constant experimental concentration (0.2 mg/mL). Inhibitory and fungicidal studies were instigated to investigate antifungal activity against *Candida* biofilm, wherein XTT biofilm reduction ([Figure 7](#f7-ijn-7-3245){ref-type="fig"}) and crystal violet reduction assay ([Figure 6](#f6-ijn-7-3245){ref-type="fig"}) demonstrated 95.4% and 82.2% reduction of *Candida* biofilm by GNP--MB conjugate, respectively, as compared to MB, which reduced the biofilm by 81.9% and 63.2%, respectively.

Three-dimensional morphological studies by SEM clearly illustrate the GNP--MB-treated *Candida* cells in 12- and 24-hour-grown biofilm, which are deformed, shrunken, completely ruptured, and aggregated in the form of irregularly shaped materials ([Figure 8C, D, G and H](#f8-ijn-7-3245){ref-type="fig"}).

Further, TEM and CLSM capture the cytological and cytometabolical alteration in *Candida* cells after GNP--MB conjugate treatment. Our TEM micrograph shows that the treated cells lost their cell wall integrity and increased GNP--MB conjugate permeability; as a consequence, GNP--MB conjugate penetrated the *Candida* cells and thus caused cytological perturbation ([Figure 8J--L](#f8-ijn-7-3245){ref-type="fig"}). FUN-1, Con-A, and DAPI fluorescent probes in CLSM micrographs illustrate the decrease of metabolic viability ([Figure 8O and P](#f8-ijn-7-3245){ref-type="fig"}), loss of cell wall integration ([Figure 8O, P, S, and T](#f8-ijn-7-3245){ref-type="fig"}), and fragmentation of nucleus or degradation of nuclear DNA ([Figure 8S and T](#f8-ijn-7-3245){ref-type="fig"}), respectively.

Our fluorescence spectroscopic study investigated type of reactive species or molecules produced by GNP--MB conjugate in PDT that are responsible for morphological as well as cytological perturbation of *Candida* cells. On 660-nm excitation, GNP (0.2 mg/mL) quenched the weak fluorescence of MB at 684 nm ([Figure 5](#f5-ijn-7-3245){ref-type="fig"}) and acted as a quencher. It was previously reported that GNP acts as a quencher as well as enhancer of fluorophores, and these two opposite effects are due to various factors, as described elsewhere. [@b71-ijn-7-3245] Primarily, GNP-mediated quenching of fluorophore is caused by two phenomena, nonradiative energy transfer from fluorophore to GNP and collision dynamics between GNP and fluorophore, as described earlier.[@b72-ijn-7-3245],[@b73-ijn-7-3245] In conjugate, MB relaxes to ground state by nonradiative energy decay and forms free radical species such as hydroxyls and superoxides, as described previously.[@b31-ijn-7-3245] Consequently, this free hydroxyl radical production addresses the type I phototoxicity, as described earlier.[@b21-ijn-7-3245]

Conclusion
==========

This study investigated antimicrobial and antibiofilm activity of GNP--MB conjugate against *Candida* biofilm. SEM, TEM, and CLSM micrographs show the detrimental effects of conjugate, such as perturbation of *Candida* biofilm, cell wall integrity, nuclear disintegration, and metabolic viability. Quenching of fluorescence of MB in GNP--MB conjugate confirms type I phototoxicity against *Candida* biofilm by producing hydroxyl free radicals, as shown in the proposed model ([Figure 9](#f9-ijn-7-3245){ref-type="fig"}). This is the first time we have developed an alternative, efficient, and novel GNP--MB-mediated *Candida* antibiofilm PDT approach. Microbial biofilm is one of the most important factors in the worldwide increase of multiple drug-resistant pathogens. Moreover, *Candida* biofilm on medical implants and prosthetic devices necessitates immediate replacement and thus increased treatment cost. Therefore, this novel approach may be a good alternative to control infection in hospital and clinical settings.
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![Ultraviolet-visible absorption spectra of GNP, MB, and GNP--MB conjugate.\
**Notes:** GNP has signature spectra at 534 nm due to surface plasmon resonance. MB shows absorption peaks at 662 nm and 613 nm. With the increase of MB concentration in constant concentration of GNP (0.2 mg/mL), absorption peaks of GNP successively vanished at 534 nm, and new enhanced absorption peaks formed at 662 nm and 613 nm. Coloration pattern is shown in inset. Test tubes 1, 2, 3, and 4 show MB of 2.50, 5.00, 10.00 and 20.00 μg/mL concentrations, respectively. Test tubes 5 and 6 show GNP (0.2 mg/mL) and GNP--MB (20.00 μg/mL MB), respectively.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f1){#f1-ijn-7-3245}

![X-ray powder diffraction pattern by Cu *K*^α^ radiation (*λ* = 1.54060 Å) in 2*θ* ranging from 30° to 80°.](ijn-7-3245f2){#f2-ijn-7-3245}

![(**A**--**C**) Transmission electron microscopy images of GNP and GNP--MB (20 μg/mL; MB) conjugate. (**C**) Synthesized and clearly spherical colloidal GNPs with average size 21 ± 2.5 nm. (**B**) MB-conjugated GNPs and coating of MB around GNP are shown by black arrows. (**A**) The 2.52-nm thickness of MB coating around GNP. Photon cross-correlation spectra of GNP and GNP--MB (20 μg/mL; MB) conjugate are shown in (**D** and **E**) respectively. (**D**) Hydrodynamic mean diameter of GNP around 22.4 nm. (**E**) Hydrodynamic mean diameter of GNP--MB conjugate around 26.5 nm.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f3){#f3-ijn-7-3245}

![Percent transmittance Fourier transform infrared spectroscopy spectra of MB (20 μg/mL) and GNP--MB (20 μg/mL; MB) conjugate.\
**Notes:** GNPs in GNP--MB conjugate show characteristic transmittance peak at 654 cm^−1^. GNP--MB conjugate shows the prominent peak difference as compared to MB, shown by black arrows.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f4){#f4-ijn-7-3245}

![Fluorescence emission spectra of GNP (0.2 mg/mL), MB (20 μg/mL), and GNP--MB (20 μg/mL; MB) conjugate after excitation at 660 nm.\
**Notes:** In the presence of GNP (0.2 mg/mL), the fluorescence emission peak of MB quenches at 684 nm. In inset, GNP shows a maximum fluorescent emission peak at 665 nm.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f5){#f5-ijn-7-3245}

![Crystal violet biofilm reduction assay bar plot represents the reduced biofilm optical density measurement at 595 nm.\
**Notes:** Here, GNP (0.2 mg/mL) optical density shows the negligible inhibition of *Candida* biofilm as compared to control. With the increment of MB concentration in GNB-MB conjugate (1.75 μg/mL to 20 μg/mL; MB), biofilm or optical density of biofilm significantly decreases in GNP--MB-treated biofilm, in comparision to MB-treated biofilm.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f6){#f6-ijn-7-3245}

![Bar plot represents the XTT biofilm reduction assay at 490 nm.\
**Notes:** Here, GNP (0.2 mg/mL)-treated and control biofilm show a negligible difference in optical density. With increments in MB and its concentration in GNP--MB conjugate (1.75 μg/mL to 20 μg/mL; MB), biofilm or optical density of biofilm significantly decreases in GNP--MB-treated biofilm as compared to MB-treated biofilm.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f7){#f7-ijn-7-3245}

![(**a**--**t**) Morphological, cytological, and cytometabolic effects of GNP--MB (20 μg/mL; MB) conjugate on *Candida* biofilm. Here, morphology of *Candida* biofilm showed by scanning electron micrographs (**a**--**d**) 12-hour-grown biofilm; (**e**--**h**) 24-hour-grown biofilm); (**b** and **f**) GNP-treated *Candida* biofilm; (**a** and **e**) control. (**c**, **d**, **g** and **h**) Effects of GNP--MB conjugate on *Candida* biofilm. (**j**--**l**) Cytological effects of GNP--MB conjugate in 12-hour-grown *Candida* cells represented by transmission electron micrograph; (**i**) control; (**M**--**T**) *Candida* cytological perturbations in 12-hour-grown *Candida* cells viewed by confocal scanning micrograph; (**o**, **p**, **s** and **t**) GNP--MB treated; (**n** and **r**) GNP-treated; (**m** and **q**) control. Bars in (**a**--**T**) are 2 μM and 1 μM, respectively.\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f8){#f8-ijn-7-3245}

![Schematic overview of conjugation of photosensitizer MB with GNP.\
**Notes:** Specific 660-nm wavelength of diode laser transits MB of GNP--MB conjugate to an excited state. Nonradiative energy decay by GNP of MB causes the transition to ground state, which results in the formation of hydroxyl free radicals in the presence of molecular oxygen and substrates around the vicinity of the conjugate (type I phototoxicity).\
**Abbreviations:** GNP, gold nanoparticle; MB, methylene blue.](ijn-7-3245f9){#f9-ijn-7-3245}
